An analytical method based on TD-GC/MS was developed and validated for the determination of volatile organic compounds (VOCs), including linear and cyclic volatile methylsiloxanes (VMSs), in biogas. Biogas was first sampled in Supel™ Inert Film bags and subsequently dynamically sampled onto multisorbent bed tubes (Carbotrap, Carbopack X and Carboxen 569) using portable pump equipment. Two sample volumes, 100 and 250 ml, were evaluated. Desorption efficiency values for both volumes are in the range of 99-100% for almost all studied compounds while breakthrough values (%VOC on sample tube back section) are below 1% for most evaluated VOCs. However, acetaldehyde, carbon disulphide, ethanol and 1,3-butadiene have breakthrough values higher than 5%. Method detection limits were in the range of 0.01-0.8 ng per sample. The most abundant VOCs in biogas were terpenes with concentrations between 500 and 700 mg m −3 . Other important families were ketones, aromatic hydrocarbons and alkanes, with concentrations in the range of 36-46 , 20-35 and 14-16 mg m −3 , respectively. VMSs presented average concentrations of 4.9 ± 0.4 mg m −3 . Additionally, the Supel™ Inert Film bags were evaluated for stability for 4 days at room temperature. Although several VOC families' concentrations in the bag increased or decreased significantly (t-test; p ≤ 0.01, n = 5) 2 days after collection, recoveries were around 70-130% for most studied VOCs. The results shown demonstrate that the presented methodology is reliable and satisfactory for the evaluation of VOCs in biogas and presents an alternative to the currently existing biogas analytical techniques.
Introduction
Biogas, generated by anaerobic degradation of organic matter in a digestion process and with levels of methane around 55-65%, can be used for producing electric energy through a combustion process [1] . Anaerobic digestion is a very cost-effective treatment for organic matter [2] . Additionally, the energy obtained is considered a renewable energy, with its generation becoming increasingly popular [3] . Apart from methane and carbon dioxide, the main components of biogas (up to 99% [3] [4] [5] ), volatile organic compounds (VOCs), including volatile methylsiloxanes (VMSs), can cause serious corrosion-related problems in gas combustion engines [1, [6] [7] [8] and affect energy production efficiency [5] . VMSs, found in many domestic products, are released into the gas phase by biogasification [9] . Due to the closed design of the digester, the compounds emitted are found in biogas [10] . When biogas is combusted, the resulting compounds are oxidised and converted into microcrystalline silicon dioxide, with properties similar to those of glass [5, 6, 11] . This is why the determination and control of these trace compounds in biogas by a reliable analytical technique is key to determining whether the concentrations found exceed the critical limits established by the engine manufacturer [12] . When these limits are surpassed, the possibility of gas pre-treatment VOCs elimination should be considered [13] , for example, adsorption on activated carbon or silica gel, refrigeration or cryogenic condensation of biogas, liquid absorption in solvents, etc. [1, 6, 8] .
The complexity of biogas in terms of VOCs composition (polar to non-polar compounds and very volatile to semi-volatile compounds), concentration (several orders of magnitude differences among analytes), volatility and unstability of several compounds such as D3 and trimethylsilanol (TMS) [7, 14] calls for versatile sampling and an analytical methodology for VOCs assessment [7, 15, 16] . Gas collecting bags, sorbent-based, canister-based, impingers and solid-phase adsorption sampling methods have been used for the collection of VOCs, including VMSs, in biogas [4] [5] [6] [7] [8] 12, [15] [16] [17] [18] . VMSs have been commonly sampled by solvent capture through impingers [1, 16] . Recently, reproducibility and recovery by sampling in solid adsorption media and using impingers have been successfully compared [4, 19] . The simplicity, short sampling time, high sampling versatility, high concentration power, easy portability, low cost and easy storage of sorbent tubes [12, 20, 21] led us to adopt a sorbent-based method for sampling target compounds after the collection of biogas in gas sampling bags. Thermal desorption (TD), coupled with gas chromatography/mass spectrometry (GC/MS), was the chosen instrumental technique. GC/MS methodology has been widely used in biogas analysis [1, 11, 22] , and its employment is strongly agreed on among researchers [17] . It is a selective methodology which allows good chromatographic separation and identification and quantification of target analytes through their characteristic mass spectrum and quantification ion, respectively [21] .
The present paper describes the development and evaluation of a TD-GC/MS method for the determination of VOCs (alkanes, aromatic hydrocarbons, ketones, halocarbons, aldehydes, esters, terpenes), including VMSs (TMS, linear (L-) and cyclic (C-) siloxanes), in biogas. Biogas was first sampled in Supel™ Inert Film bags and then dynamically sampled onto multisorbent bed tubes (Carbotrap, Carbopack and Carboxen 569). A total of 100 and 250 ml sample volumes were evaluated (n = 5 for each sampling volume). It is a common practice by facility technicians to take biogas samples in bags and send them to a laboratory for its analysis. The time span between the taking of the sample and this analysis may be of several days. Therefore, the Supel™ Inert Film bags used were studied for storage stability for 4 days at room temperature. Stability of the target compounds in the bag may be affected by adsorption or absorption of the analytes on the bag surface or the bag fitting and septum, reactions with other substances in the sample matrix and/or degradation due to instability of the intrinsic compounds. Additionally, leaks in the bag may cause analyte loss [17, 23] . The method was validated with real biogas samples from a waste treatment facility.
Nowadays, even though several papers have been published on this topic, no standardised VOCs and VMSs sampling and analytical methodologies have been established for biogas matrix. The main aim of the present study was to develop a simple, fast, highly versatile, with high concentration power, easy portable and low-cost methodology to assess VOC and VMS compounds in biogas in comparison with other common techniques, for example, impingers. Even though VMSs are the major compounds that can cause serious drawbacks by corrosion in the traditional internal combustion engines, the determination of other VOCs can also be relevant as aromatic hydrocarbons may cause corrosion and/or obstruction in the fuel cells too [7] . For other applications, such as their use in vehicles, halogenated compound concentrations have also to be taken into account [22] . Additionally, molten carbonate fuel cells have also restrictions related to hydrocarbon concentrations (C 2 -C 6 ) in the gas [7, 24] . Besides, variations in VOC concentrations can indicate process changes in the biogas formation [9] . Hence, their assessment would be useful to verify the correct performance of the biogas production. Finally, to our knowledge, such a wide range of VOCs has not been evaluated in biogas in previous studies.
Experimental

Chemicals and materials
Standards of VOCs with a purity of no less than 98% were obtained from Aldrich (Milwaukee, WI, USA), Merck (Darmstadt, Germany) and Fluka (Buchs, Switzerland). Methanol and toluene for gas chromatography (SupraSolv ® ) with a purity ≥99.8% were obtained from Merck (Darmstadt, Germany). Perkin Elmer glass tubes (Pyrex, 6 mm external diameter, 90 mm long), unsilanised wool and Carbotrap (20/40 mesh), Carbopack X (40/60 mesh) and Carboxen 569 (20/45 mesh) adsorbents were purchased from Supelco (Bellefonte, PA, USA).
Supel™ Inert Film bags
Commercially available 1 l Supel™ Inert Film sampling bags made from polyvinylidene fluoride were evaluated. Supel™ Inert Film is a fluoropolymer developed specifically for air sampling applications as an alternative to Tedlar ® film (a highly versatile polyvinyl fluoride film; Dupont, Wilmington, DE, USA). The bags were equipped with replaceable Thermogreen ® LB-2 septa in a screw cap valve. The Thermogreen ® polymer has the proven quality of the industries' lowest bleed, preventing septum contamination. The bags were obtained from Supelco (Bellefonte, PA, USA).
Adsorbent tubes
The multisorbent bed tubes were composed of Carbotrap (activated graphitised black carbon, weak sorption strength, target analytes: C 5 -C 14 (alcohols, aldehydes, ketones, aromatic hydrocarbons), boiling points >75°C, 70 mg), Carbopack X (activated graphitised black carbon, medium sorption strength, target analytes: C 3 -C 7 (light hydrocarbons, boiling points between 50 and 150°C), 100 mg) and Carboxen 569 (spherical carbon molecular sieve, high sorption strength, target analytes: C 2 -C 8 (ultra-volatile hydrocarbons, boiling points between −30 and 150°C), 90 mg). They were developed in an earlier study and found to be highly versatile regarding polarity and volatility of the target VOCs [21] . They have been used successfully for the determination of a wide range of VOC families in different applications [25] [26] [27] . Graphitised carbon blacks are Class I sorbents, interacting non-specifically with all groups of adsorbates, that is, dispersion (London) forces: group A molecules (alkanes), group B molecules (aromatic and chlorinated hydrocarbons), group C molecules (organometallic compounds) and group D molecules (primary alcohols, and organic acids and bases). Carbon molecular sieves are Class III sorbents and interact specifically with adsorbates (e.g. through strong dipole-dipole interactions). The characterisation of sorbents and their suitability for trapping pollutants is done mainly through the determination of specific retention volumes (breakthrough) [20] (see Section 3.2). Moisture content in biogas, up to 90% [5] , can complicate the collection and analysis of samples [7] ; however, the sorbents are highly hydrophobic and suitable for use in samplings of gases with high humidities [21] . Sampling tubes were conditioned before use at 400°C, sealed with Swagelok end caps fitted with PTFE ferrules and stored at 4°C for no more than 1 week before use.
Analytical instrumentation
VOCs analysis was performed by TD-GC/MS using a Perkin Elmer ATD 400 (Perkin Elmer, Boston, Massachusetts, USA) and a Thermo Quest Trace 2000 GC (ThermoQuest, San Jose, California, USA) fitted with a Thermo Quest Trace Finnigan MSD.
The methodology is described in the literature [21, 25] . Primary thermal desorption of the sampling tubes was carried out at 300°C with a helium flow rate of 50 ml min −1 for 10 min. A double split was applied to the TD system (cold trap inlet and outlet splits of 4 and 7 ml min −1 , respectively). The cold trap (15 mg Tenax TA and 15 mg Carbotrap) was maintained at −30°C. After primary desorption, the cold trap was rapidly heated from −30 to 300°C (secondary desorption) and maintained at this temperature for 10 min. Analytes were then injected onto the capillary column (DB-624, 60 m × 0.25 mm × 1.4 μm) via a transfer line heated at 200°C. The column oven temperature started at 40°C for 1 min, increased to 230°C at a rate of 6°C min −1 and was then maintained at 230°C for 5 min. Helium (99.999%) carrier gas flow in the analytical column was approximately 1 ml min −1 (1.4 bar).
The electron impact source was obtained with an electron energy of 70 eV. Mass spectral data were acquired over a mass range of 20-450 amu. Qualitative identification of VOCs was based on the match of the ion ratios of the target qualifier ions using the MS ChemStation Data System validated software package with the NIST05 mass spectral library (NIST/EPA/NIH, Nist MS Search version 2.0 d, April 2005). VOCs were verified using retention times of authentic standards of the target compounds.
Quantification of samples was conducted by the external standard method according to ref. [21] . Ten different levels of calibration standard solutions were prepared in methanol for each evaluated compound. Stock standard solutions were prepared by adding 50-100 μl (via preweighed 100-250 μl Hamilton syringe) of each liquid neat standard or 0.05 g of each solid standard into a 10 ml clean flask in methanol. This solution was further diluted in methanol to obtain the different standards. 1,3-Butadiene was prepared in toluene. Several authors have evidenced biases between liquid and gas phase standards quantifications, these biases being variable depending on the sorbents used in the sampling tubes and the VOCs studied. Certain compounds or VOC families (e.g. butyl acetate, isobutanol and carboxylic acids) present higher biases than others (e.g. aromatic hydrocarbons, aldehydes and ketones) [28, 29] . To minimise matrix/solvent interference in the chromatogram [30] , 1 μl aliquots of each standard solution were spiked onto clean multisorbent bed tubes using a conventional gas chromatograph packed column injector, as recommended in U.S. EPA Compendium Method TO-17 [31] . Tubes were connected to the injector through a stainless steel tube and Swagelok adapters. The solvent and analytes were vaporised onto the GC injector and passed through the multisorbent bed tube in the vapour phase, a way closely analogous to the normal air sample collection process. The injector was slightly heated at 30°C and a flow stream of 100 ml min −1 of helium was passed through the tubes during a loading time not less than 5 min, a time that allowed a good elimination of solvent [21] . Furthermore, as an additional measure to reduce the matrix effect, standard tubes were purged at ambient temperature during 2 min with a helium flow of 50 ml min −1 prior to their TD-GC/MS analysis [30] .
The risk of changes in instrumental sensitivity over time has been suggested by several authors when samples are analysed on different days [32] . To avoid drawbacks derived from this aspect, calibration curves of all evaluated VOCs were freshly prepared, clean tubes were spiked and they were injected onto the TD-GC/MS each day. Additionally, the evaluation of the temporal change in sensitivity of the instrument in 3 days was calculated. The experiment was conducted by preparing each day a standard of 100 ng μl −1 for each VOC evaluated. Their concentrations were calculated according to the calibration curves. The temporal change in sensitivity (%) during 3 days of the TD-GC/MS used was found to be between 0.02 and 4.1%, with 84% of the evaluated VOC presenting values below 2% (Table 1 ). These results show that the potential changes in sensitivity of the instrument during the study period are likely irrelevant [32] . 
Sampling
Biogas samples were obtained from a mechanical-biological waste treatment plant in the metropolitan area of Barcelona during December 2013 and January 2014. The plant has a processing capacity of 287,500 tons year −1 of municipal residues: selected organic fraction (100,000 tons year −1 ), waste fraction (160,000 tons year −1 ) and light packaging fraction (27,500 tons year −1 ). The selected organic fraction is anaerobically fermented in a methanation process to obtain biogas. The biogas used in our study was collected from the main pipe just before its injection into the engines. The pressure inside the pipeline was enough to fill the bags. Biogas was first collected in 1 l Supel™ Inert Film bags and then dynamically sampled onto the multisorbent bed tubes using AirChek 2000 SKC pumps. The materials used for sampling (Supel™ Inert Film bags, PTFE connectors, sampling tubes (inert glass tubes for ATD 400) and unsilanised glass wool) avoided possible adsorption of the target VMSs in silicon surfaces. In order to determine the appropriate sample volume, 100 and 250 ml were sampled to evaluate the performance of the analytical methodology in field samples. Sampling rate was set at 100 ml min −1 , and its value was recorded both before and after the sampling. Five replicates of each sample volume were taken. In Notes: CAS number, molecular weight (MW, g mol −1 ), boiling point (BP,°C, at 760 mmHg), quantification ions m/z 1 (low concentration range) and m/z 2 (high concentration range), MDL (ng in tube for m/z 1), precision (n = 7, for m/z 1) and temporal change in sensitivity during 3 days (TCS, %). No. refers to the number assigned in the chromatogram in Figure 1 .
order to avoid different possible adsorption patterns onto the bags inner surfaces, 10 bags were sampled at the same time, 5 bags being established for 100 ml sampling and another 5 bags for 250 ml sampling. The transfer of the gas to the sorbent tubes was done immediately. To examine breakthrough values in the two evaluated sample volumes, two tubes were connected in series with a PTFE tube for each sample, with the lowest dead volume possible. Additionally, the bags were evaluated for stability for 4 days. Four bags were filled with biogas and transported to our laboratory on the same day; five 100 ml samples were transferred from one of the bags to five multisorbent tubes 1 h after collection. The three remaining bags were stored in darkness at room temperature. Five more samples were taken from a second bag 1 day after collection. Five more samples were taken from a third bag 2 days after collection. Finally, five more samples were taken from a fourth bag 3 days after collection. All samples were taken in the same place of our laboratory and at the same time on the sampling days, and were immediately injected into the TD-GC/MS system. Bags were stored at room temperature to emulate the storage conditions that they are usually subjected to during transport as sometimes biogas analysis is done far away from where it has been taken and shipment can be prolonged during a couple of days. However, it will be interesting to evaluate bags stability also at 4°C in future studies.
Stability of blank bags was evaluated throughout the process to determine the presence of contamination in the bags. Four sampling bags were filled with helium and processed in the same way as biogas samples, that is, stored in darkness at room temperature and then sampled immediately, 1, 2 and 3 days after helium filling.
Quality assurance
Extreme precautions are required to ensure reproducible quality results. Every day the mass spectrometer was manually tuned at m/z = 69, 131, 264 and 502 and air leaks (m/z = 4, 18 and 28) were controlled.
To avoid artefacts generation, both ATD trap and sampling tubes were properly conditioned. A trap heat was done daily before analysis at 330°C for 20 min. After the trap heating, analytical blank samples, that is, two clean multisorbent bed tubes, were analysed before the injection of the samples and standards. As mentioned before, five replicates of each sample were analysed, and the evaluated compounds in real samples generally showed repeatabilities (% relative standard deviation (SD) values, n = 5) ≤ 25%, accomplishing the EPA performance criteria [31] ( Table 2 ). Repeatabilities of standards were found to be ≤11% (Table 1) .
Method detection limits (MDL) were calculated through the analysis of seven replicates of the lowest concentrated standard, which presented a signal to noise factor between 2.5 and 10. The obtained SD for the replicates concentrations was multiplied for 3.14 (Student's t value at the 99% confidence interval), according to the U.S. EPA (Part 136-Guidelines establishing test procedures for the analysis of pollutants, Appendix B), and are presented in Table 1 .
The linearity range of the multipoint calibration was ≥0.99 for all compounds.
Data treatment
All experiments were conducted in five replicates. Data treatment and statistical analysis were undertaken using Microsoft Excel™ 2007 and IBM ® SPSS ® Statistics Version 20 (IBM Corp, New York, NY, USA) (2011). Kolmogorov-Smirnov (K-S) test was used to check normal distribution of the experimental data. The data sets obtained for each sampling volume and each biogas and blank bags were normally distributed. t-Test was used to evaluate significant differences between obtained data. 3. Results and discussion
Method performance evaluation
One hundred and seventeen compounds were determined qualitatively in the studied biogas (alkanes (27%), aromatic hydrocarbons (15%), terpenes (14%), sulphur compounds (13%), ketones (8%), siloxanes (8%), furans (3%), chlorinated compounds (3%), esters (2%), aldehydes (2%) and nitrogenated compounds (2%)). In respect to concentrations, aliphatic and aromatic compounds and siloxanes accounted for an 88 ± 1% and 0.7 ± 0.1%, respectively. Similar mixtures have been found in different types of biogas [7, 15, 33] , even though the specific composition of a biogas will be influenced by the organic matter used and anaerobic digestion process conditions [3, 5, 9, 11, 22, 33] . The presence of a wide range of ketones can be attributed to fermentative acidogenic bacteria, which can convert sugars, amino acids and fatty acids into this type of compounds [9] . In the present study, 66 compounds including a wide range of VOCs families were selected as target analytes, on the basis of their abundance in biogas, toxicity or possibility of producing negative health effects, and odour threshold. Their characteristics are presented in Table 1 . Variability of VOCs and VMSs in the biogas samples required working with two different concentration ranges. Hence, two quantification ions were established for each studied chemical, m/z 1 (generally the major characteristic ion in the spectrum) for lowconcentrated compounds and m/z 2 (minor characteristic ion) for high-concentrated compounds ( Table 1) . Chromatographic separation was good and co-eluting compounds were satisfactorily quantified using characteristic ions, except m-and p-xylene, and m-and p-ethyltoluene, which were quantified together because they exhibited identical mass spectra (Figure 1 ). 
Breakthrough evaluation
Target compound loss during sampling due to incomplete adsorption on the sorbents is an important handicap in this process [18] which can be evaluated by breakthrough values. The breakthrough value for a target compound can be calculated as the percentage mass of this compound found in the back tube relative to the total mass found in two tubes connected in series. Typically recommended breakthrough values for volatile compounds are <5% [31] . High breakthrough values represent a transfer of target compounds from the front tube to the back tube, leading to a decrease in the concentrations of the sample that should be obtained and therefore underestimation of results. Individual analysis of each sample showed that hardly any VOC or VMS exhibited significant breakthrough for the studied sample volumes ( Table 2) . It can, however, be observed that breakthrough values are slightly higher in 250 ml samples than in 100 ml samples. Very volatile organic compounds [34] such as acetaldehyde, carbon disulphide, ethanol and 1,3-butadiene showed breakthrough values higher than 5%, and these values were much higher in the 250 ml samples. This had been reported in a previous study for low volumes (10 l) of ambient outdoor air [35] . Both 100-and 250 ml sample volumes are suitable for biogas evaluation with respect to breakthrough values, except for the above four compounds.
Tube desorption evaluation
If the calibration standards and samples underwent the same procedure during analysis, then the evaluation of desorption efficiency is not indispensable [36] . However, a repetition of the desorption process at the same or higher temperature is usually done to check for significant 2,400,000,000 2,600,000,000 23 37,38 2,000,000,000 2,200,000,000 24 Figure 1 . GC chromatogram for stock standard solution. Acetaldehyde (green) and 1,3-butadiene (red) are injected separately as they elute before the solvent. Peak numbers are related to compounds listed in Table 1. appearances of the target compounds in this second analysis [21, [36] [37] [38] [39] . To evaluate the performance of target compound desorption of multisorbent tubes in real biogas samples, subsequent reanalysis of already desorbed tubes was carried out at a higher temperature (350°C) to remove any remaining analytes. Tube desorption values of 99-100% were obtained for most target compounds for the two sample volumes evaluated. Several compounds, however, exhibited lower desorption efficiency percentages (e.g. benzene (90-92%), methylnaphthalenes (90-93%), phenol (90-95%) and carbon disulphide (71-85%)). Similar values had already been observed for these compounds in a previous study [21] . It can therefore be concluded that both 100 and 250 ml sample volumes are suitable for biogas evaluation with respect to desorption efficiency.
VOCs and VMSs concentrations in biogas
VOCs concentrations from 100 and 250 ml sample volumes taken on 2 December 2013 are presented in Table 2 . Fifty per cent of the evaluated compounds showed significant differences (t-test; p ≤ 0.01, n = 5) between the concentrations from 100 and 250 ml sample volumes, with 100 ml concentrations being higher. These results can be related to the higher divisor value in the 250 ml samples as breakthrough values were low and within acceptable levels for both sample volumes. Nevertheless, the results in mg m −3 show that differences are not so evident.
Terpenes, especially p-cymene, had the highest values (between 500-700 mg m −3 ), accounting for approximately 80% of VOC concentrations. The much higher concentration of p-cymene compared to other terpenes has been related to the conversion of limonene and other monoterpenes into p-cymene by rearrangement and dehydrogenation by microorganisms in anaerobic conditions [10, 40, 41] . Ketones, aromatic hydrocarbons and alkane concentrations were in the range of 36-46, 20-35 and 14-16 mg m −3 , respectively. Halogenated compound concentrations were low, in the range of 200 μg m −3 , as observed in other studies [7, 33] . VOC concentrations in biogas generated from anaerobic bioreactors are scarce. However, the concentrations obtained in the present study are of the same order of magnitude than that found in the literature, with terpenes being the highest concentrated compounds [2] (Table 3 ). Terpenes generated from anaerobic composting processes are also very similar, with p-cymene accounting for 60% of all compounds of this family [10] . On the other hand, VOC in landfill biogas present different concentrations, generally much higher. Except for terpenes, which are one order of magnitude lower, the other VOC families are from one to two orders of magnitude higher in landfill biogas than in bioreactor biogas (Table 3 ) [42] . Waste present in landfills generally contains a wide range of materials, sometimes unknown and with potentially hazardous characteristics. Higher alkanes, aromatic hydrocarbons and halocarbons concentrations may be released to biogas from this kind of waste buried in the landfills. On the other hand, the material used to generate biogas through bioreactors is much more selective and homogeneous [33, 42] . Finally, VOC concentrations in biogas from aerobic composting processes are much lower than that observed in anaerobic landfill and bioreactor biogas, generally one order of magnitude lower.
1,3-Butadiene values are worth noting as the concentrations obtained were very variable and potentially high. The 100 and 250 ml samples had concentrations in the range of 4-136 and 1-15 mg m −3 , respectively. 1,3-Butadiene is a highly reactive pollutant [43] and can be quickly transformed into other types of compounds in the atmosphere [44] . However, as sampling was conducted immediately after biogas capture in the bags, the possibility that the results obtained were due to the reactivity of the compound was ruled out. Because desorption efficiencies were around 98-99% for the two (100 and 250 ml) sample volumes, breakthrough values are considered the main responsible factor for the variability in results as they were around 42 ± 39% and 67 ± 21%, respectively. 1,3-Butadiene is classified as a human carcinogenic compound by inhalation [45] [46] [47] , and as said before, its presence in biogas can be relevant. Hence, its concentration in biogas and fate in the combustion process should be evaluated in future studies. Ethanol was the only alcohol detected. Much higher levels of alcohols are found in aerobic digestion than in anaerobic digestion, as reported in previous studies [2, 10] . Alcoholic compounds tend to increase at the beginning of anaerobic digestion processes [10] or when new organic material is loaded into the system and are often related to microbial processes associated with the presence of volatile fatty acids in the organic matter treated [9, 48] . However, their presence in landfill biogas has been found to be relatively low, less than 1% [48] . The concentrations of ethanol in the present case were very variable, as observed in other studies [9] , an aspect that was associated with the anaerobic process instability. Yet, in the presented evaluation, the high breakthrough values observed for this compound and the possibility of adsorption problems of this type of low-molecular-weight alcohol in the cold trap used could also be a cause for the results obtained.
Silicon compound concentrations were in the range of 4.9 ± 0.4 mg m −3 , below many of the recommended limits set by several engine manufacturers, which are in the range of 0.03-28 mg m −3 , depending on the type of engine [1, 11] . The concentrations found in the present study (biogas from municipal biowaste) are in the range of that observed in other biogases generated both from biowaste and sewage sludge, as well as biogases from landfills. On the other hand, biogas exclusively from sewage sludge present from two to six times higher VMSs concentrations (Table 3 ). Siloxanes are widely employed in personal care products, such as cosmetics, and skin and hair care products, as well as in household cleaning and coating agents [49] [50] [51] [52] . They can end up in waste water treatment plants and eventually in sewage sludge [9] . Hence, the higher presence of VMSs in the biogas formed from sewage sludge can be related to the use of these silicon-containing compounds in households and industry [22] .
Excluding TMS, D4 and D5 were the most abundant siloxanes, accounting for 95 ± 1% of the total, as observed in previous studies regarding biogas obtained from organic matter digestion [1, 9, 11, 17] . D3, with considerably variable concentrations, was found in a previous study to be an unstable compound that can react with the gas matrix and generate other compounds [53] . The proportion of the studied silicon compound is in the range of that observed in Finnish biogas plants (between parentheses), with values of 4-11% (7-13%) TMS, 1% (1%) L2, 0.1-1% (0-6%) D3, 2% (0-1%) L3, 4-6% (22-23%) D4, 1% (-) L4, 80-85% (57-70%) D5, 0.1% (-) L5 and 1-2% (-) D6. It has to be taken into account that Finnish biogas plants digest wastewater sludge apart from municipal biowaste [11] .
Supel™ Inert Film bags stability during storage
A sample volume of 100 ml was chosen to evaluate VOCs stability in the Supel™ Inert Film bags because of its satisfactory breakthrough and desorption efficiency results.
VOC concentrations from the bags filled with biogas on the same day (14 January 2014) and sampled onto sorbent tubes on the following three days are presented in Table 4 . Most concentrations obtained on 14 January 2014 (Table 4 ) are of the same order of magnitude as those found on 2 December 2013 ( Table 2 ). However, toluene and D3, and ester concentrations were one order of magnitude higher and lower, respectively, on 14 January 2014. These differences could be attributed to changes in the operating conditions of biogas production and/or in the raw materials used in the digestion process [19, 22] .
Twenty-seven per cent of the evaluated compounds showed significant differences (t-test; p ≤ 0.01, n = 5) in concentrations between the bag sampled on the day of collection and the bag sampled on the following three days. Aggregate concentrations of alkanes, siloxanes and tert- methyl butyl ether increased significantly (t-test; p ≤ 0.01, n = 5) in the bag the day after collection (Figure 2 ). These results could be related to the reactions inside the bags and/or septum and bag material contamination [7, 23] . The bag manufacturer states that the Thermogreen ® polymer used in the septum has low bleed to prevent septum contamination and that the fluoropolymer used as bag material is specifically indicated for air sampling applications as an alternative to Tedlar ® film. Additionally, a previous study observed that Supel™ Inert film bags had a VOC background level lower than 10 ppb of the TO-15 calibration mix standard, and that the recoveries of compounds decreased over time from the day of sampling [54] . Consequently, blank bags filled with helium were evaluated by the same procedure as biogas samples to determine whether the bag, the port and/or the septum materials were the reason for the higher concentrations in bags sampled 2, 3 and 4 days after collection (see Section 3.6).
On the other hand, aggregated concentrations of ketones, esters and acetonitrile decreased significantly (t-test; p ≤ 0.01, n = 5) in the bag 2, 3 and 4 days after collection (Table 4, Figure 2 ). Ketone and ester concentrations decreased to a stable value. Analyte loss can result from sorption onto/into the bag material and valve ports and/or bag leaks [21, 55, 56] . The recoveries of these compounds (acetone, methylethylketone, methylisobutylketone and ethyl acetate) after 24 and 48 h were in the range of 89-71%, that is, higher than those observed in a previous study (in the range of 66-40%) [54] . Concentrations of several aromatic hydrocarbons, that is, styrene, o-xylene, n-propylbenzene, ethyltoluenes and trimethylbenzenes, decreased significantly (t-test; p ≤ 0.01, n = 5) to a stable value on the second day after collection. Recoveries of the above compounds after 24 and 48 h were in the range of 74-51%, that is, higher than those observed in a previous study (in the range of 45-19%) [54] . Benzene and toluene had recoveries of around 100%, and the aggregate aromatic hydrocarbon concentrations did not vary significantly over time. A previous study on Tedlar ® bags associated the lower recoveries found for the heavier molecular weight aromatics (e.g. xylenes and styrene) with their potential to adsorb strongly onto the bag [56] , a relationship that was not found for other VOCs.
It is also interesting that after 1 h of sampling less than 10% of the initial ethanol and 1,3butadiene concentrations were observed (Tables 2 and 4) . Nonetheless, a previous study using the same sampling bags showed ethanol and 1,3-butadiene recoveries of 145 and 104% after 4 h of sampling, respectively [54] . As mentioned earlier, 1,3-butadiene concentrations in biogas should be assessed accurately due to its toxic potential.
VOC and VMS concentrations in helium blank samples
VOC concentrations from different Supel™ Inert Film bags filled with helium on the same day and sampled on the following three days are presented in Table 5 . Forty-one per cent of the studied compounds were not found in blank samples. On the other hand, VOCs detected in blanks were present in low concentrations, generally below 1 μg m −3 . n-Hexane, n-heptane, toluene, TMS, carbon disulphide and tetrahydrofuran concentrations in the bags increased significantly (t-test; p ≤ 0.01, n = 5) on the 3 days after collection. However, the concentration of VOCs was higher in biogas than in blank samples, that is, below 1% (Table 5 ). Nonetheless, it has to be taken into account that blank values of n-tetradecane and D3 accounted for 2-9% and 4-6%, respectively, of the concentrations in biogas.
Hence, the significant concentration increases observed in sampling bags for several alkanes, siloxanes and tert-methyl butyl ether 2 days after collection could not be related to bag film, septum and/or inlet port contamination. Hence, because biogas is composed of a wide variety of VOCs which can react between themselves and thus lead to other compounds [7] , the type of air matrix could be the main cause of the concentration increases.
Conclusions
A methodology for sampling and analysis of VOCs, including VMSs, in biogas using TD-GC/ MS was validated. Samples were initially collected in 1 l Supel™ Inert Film bags and subsequently sampled onto multisorbent bed tubes. Both 100 and 250 ml sample volumes were found to be appropriate regarding breakthrough, desorption efficiency and precision. Terpenes presented the highest values (between 500 and 700 mg m −3 ), especially p-cymene (320-490 mg m −3 ), accounting for approximately 80% of VOC concentrations. Ketones, aromatic hydrocarbons and alkane concentrations were in the range of 36-46 (methylethylketone 25-34 mg m −3 ), 20-35 (toluene 10-26 mg m −3 ) and 14-16 mg m −3 , respectively. Twenty-seven per cent of the evaluated compounds showed significant differences (t-test; p ≤ 0.01, n = 5) in concentration between the bag sampled on the day of collection and the bags sampled on the following three days. Global concentration values of alkanes, siloxanes and tert-methyl butyl ether increased gradually and significantly from the second day, but this could not be linked to bag film, septum and/or inlet port contamination. On the other hand, ketone and ester concentrations decreased significantly to a stable value. Recoveries were around 70-130% 2 days after collection for most studied VOCs. When the bags used are not immediately sampled onto sorbent tubes, the increases or decreases in VOC concentrations observed in the present study have to be taken into account.
